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Experimental and theoretical results are given of an investigation

of the capacitance behavior with frequency ofGaAs injection lasers.

It is shown that, for shallow-bombarded stripe geometry lasers, the

zero- bias capacitance decreases rapidly beyond a certain frequency.

This is interpreted in terms of confinement of the low-level radio

frequency current under the stripe at high frequencies. Comparison

of the experimental results with the analytically derived expressions

provides a measure of the material resistivity adjoining the active

region. This inferred material resistivity is shown to be in good
agreement with results obtained by more direct measurements. Fi-

nally, the general conclusions are also applicable to other optoelec-

tronic devices operating at high frequency, such as light-emitting

diodes.

I. INTRODUCTION

Injection lasers are inherently suited for high-frequency (>50 MHz)
applications.

1,2 In the Bell System, the commonly used GaAs double-

heterostructure (DH) stripe geometry laser is obtained by either

shallow- or deep-proton bombardment.3,4 For deep bombardment, the

active stripe is well defined electrically by the high-resistivity material

that confines it. In the case of shallow bombardment, as well as oxide

stripe geometry lasers, current can flow laterally, beyond the stripe,

through the conductive cladding layer.
5-8

Previously, the impedances of several laser geometries were meas-

ured at high frequencies, and the results interpreted in terms of

phenomenological equivalent circuits.
9"13

In this paper, we will restrict

the analysis and measurements to zero-biased shallow-bombarded

laser diodes, for simplicity. We will show that, for shallow-bombarded

stripe geometry lasers, the low-level (radio frequency) RF current at
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high frequencies is confined under the stripe. The interpretation of

measurements in terms of the fundamentally derived analytical expres-

sions provides a useful measure of relevant material properties. Finally,

although the main emphasis is on stripe geometry lasers, the analysis

is applicable to other optoelectronic devices. Thus, the approach can

be applied to predict the small-signal, unbiased impedance of light-

emitting diodes (LEDs) and photodetectors operating at high frequen-

cies.

II. EXPERIMENT

The injection laser is a standard GaAs DH grown by either liquid

phase epitaxy (LPE) or molecular beam epitaxy (MBE) technology.
14,15

It consists of 2-/im-thick N-Gai-xALAs cladding, 0.1- to 0.2-/im

Gai-jAlyAs active, 1.5-jum P-Gai*AUAs cladding, and, finally, 0.5-um

p-GaAs contact layer. Shallow-proton bombardment is used to define

stripe widths of either 5- or 10-/xm dimension. For these measurements,

it is essential to obtain an accurate measure of the stripe width, 2S,

and the distance of separation, dA , between the active region and the

semi-insulating damaged region. This is done by etching the mirror

facets in a dilute A/B solution.
16 An example of such an etched mirror

obtained by a scanning electron microscope (SEM) is shown in Fig.

la. Figure lb is a schematic of the various layers. The distance, dUj is

between the unetched region and the active layer. It is assumed that

the etch stops abruptly where the conductivity changes from p-type to

semi-insulating. (In general, this is a fair assumption, although it may
not be accurate to better than 0.1 /im.)

Every diode is subjected to dc current-voltage and ac impedance

tests. The dc measurement determines rectification properties, and

current-voltage dependence over the range between 10" 12
to 10~

amperes. The ac impedance test used RF signal levels, at or below 50

mV, performed on unbiased diodes. At those RF signal levels, the

diode conduction current is less than 10~u amperes. The laser imped-

ance is measured at zero bias over a frequency range extending from

10
4
to 5 X 10

7 Hz. Over this frequency range the capacitive current is

typically larger than 10"6 amperes. Hence, in the present impedance

measurements, the junction capacitive current is well over 10
5 times

greater than the diode conduction current. Therefore, for our purposes,

the junction can be assumed to be a capacitance with negligible

rectified current flow.

Usually, two capacitance bridges are used at different frequency

ranges, with an overlap in frequency to ensure accuracy. These imped-

ance bridges measure the equivalent parallel capacitance and con-

ductance of the diode. As an example, Fig. 2 shows the results of two

such measurements and two experimental values when results were
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Fig. 1—Mirror of shallow-bombarded stripe geometry DH GaAs layer after etching
in dilute A/B etch, (a) Photomicrograph of the etched mirror as obtained by an SEM.
In this case, the p-active layer has also been etched, (b) Layer schematic of the same

obtained on two different instruments. In Fig. 2a, the zero bias capac-

itance of diode A14 (grown by LPE) is constant as a function of

frequency up to 1 MHz. Above 1 MHz, the equivalent parallel circuit

capacitance decreases rapidly with an increase in frequency. The same
general behavior is observed on another diode from a different slice.

The results of diode B22 (grown by MBE) are shown in Fig. 2b. The
zero bias capacitance decreases abruptly for frequencies in excess of

10
5
Hz. We also find that, for both diodes, the equivalent parallel

circuit conductances G increase with frequency f according to the

relation G oc f
n

, where n is between 1.25 and 1.5. However, accurate

measurements of conductance are more difficult to obtain than those

of capacitance.

The results of Fig. 2 show the abrupt drop in capacitance at fre-

quencies that may differ by as much as an order of magnitude.

Furthermore, some devices exhibit a more gradual reduction in the

capacitance-frequency behavior.
17

Figure 3 shows an example of such

a soft roll-off in the measured capacitance. The solid curve is the

modified analysis, which accounts for asymmetry and metallization

capacitance. The dashed theoretical curve is for the ideal symmetric
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Fig. 2—Capacitance dependence on frequency for (a) diode A14 and (b) diode B22.

The solid curves are obtained from analytical expressions. In (a) and (b), dA is 0.6 and

0.21 /un, respectively.
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Fig. 3—Capacitance dependence on frequency for a severely eccentric stripe geometry

device.
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model. The distance between the stripe and the two edges, h and h,

respectively, as well as the thickness of the damaged region, dp , are

obtained from SEM measurements. Here, the high-frequency capaci-

tance does not decrease as rapidly as that for the cases shown in

Fig. 2.

III. ANALYSIS

3. 1 The ideal symmetric case

Consider first the simple and ideal case of a stripe centered within

the chip. In addition, assume that the proton-damaged region is

sufficiently thick (greater than 2.5 micrometers), so that the only

relevant capacitance is the junction capacitance. The RF current flows

through the diode as shown schematically in Fig. 4a. There is a direct

stripe capacitance, Cs, defined by the width 2S and length L of the

stripe. The RF current flows through the adjoining cladding layer,

which, together with the junction, forms a transmission line. This

transmission line is shown schematically in Fig. 4b. It consists of a

distributed resistance, r, and a distributed capacitance, c. The analysis

of such a transmission line is straightforward. The cladding sheet

resistance, r8 , is equal to p/d,A, where p is the average material resistiv-

ity. The capacitance per unit area is ca given by Co/A, where Co is the

low-frequency total diode capacitance and A is the total diode area. In

the equivalent distributed parameter circuit shown in Fig. 4b, the

resistance per unit length r is equal to rs/L. Similarly, the capacitance

per unit length c is equal to ca L. At any point x, the current and

voltage are given, respectively, by

i(x, t) = I(x)e** (1)

PROTON
DAMAGED

TTT E TTT
(a) (b)

Fig. 4—Schematic of shallow-proton-bombarded, ideally symmetric, stripe geometry
laser and equivalent circuit, (a) The various layers and the electrical elements, (b) The
distributed parameter transmission line underneath the proton-bombarded region.
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and

v(x, t) = V(x)e**. (2)

The spatial parts of the current and voltage are related by the

equations

%~rt (3)
ax

and

^=-jo>cV. (4)
ax

These are almost standard transmission line equations that have to

be solved with the boundary condition I(«0 = 0, where S= (W/2)-S.

This open-circuit boundary condition is appropriate when surface

leakage is negligible. The input admittance, Yb, is given by

Yo-Go+jB* (5)

where

</> sinh
<f>
- sin

<ft

00 = in-
—

r~r-, r» (6a>

2rc cosh <j> + cos <j>

4> sinh
<f>
+ sin

<f>

Bo = -r—B ; (t>b)

2rc cosh </> + cos $

and

<t>
= A/2arc. (6c)

From the susceptance given in (6b), an equivalent distributed par-

allel capacitance, Cd, is obtained in the form

Cd 1 sinh $ + sin </>

Co 4* cosh <£ -I- cos <f>'

(7)

where C6 = ca<fL is the low-frequency capacitance of the junction

whose area is SL. A plot of Cd/C is shown in Fig. 5 as a function of

</>. It is seen that the equivalent distributed parallel capacitor value

remains equal to the low-frequency value as long as
<f>
< h However,

for
<J>
> 1, the capacitance decreases at the rate of l/<f>. This decrease

at high frequency is due to the fact that as the frequency increases, a

relatively larger fraction of the reactive current is shunted by the

distributed capacitance at small distances. At sufficiently high fre-

quencies most of the current is bypassed at small distance by the

capacitance.

The choice of a parallel circuit, unfortunately, does not provide a

straightforward connection between conductance and the material
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Fig. 5—Equivalent parallel circuit capacitance and conductance for the distributed

transmission line of Fig. 4b. The variation is in terms of the normalized parameter, </>,

defined in the text.

resistivity. Nevertheless, let go = LdA/pA which is the dc conductance

between x = and & Then, Go/go is plotted as a function of </> in Fig.

5. It is seen that the normalized conductance increases as 4>
4

. Since <ft

varies as /
1/2

, it follows that the conductance increases as f
2

, which is

somewhat faster than the experimentally observed variation.

The above results can be applied to the ideally symmetric stripe

geometry configuration of Fig. 4a. The total equivalent parallel capac-

itor of the diode Cp, comprising the direct stripe and distributed

capacitances, respectively, is given by

Cp = Co
A.

A
+ l-±\

sinh
<f>
+ sin

<J>

A / <>(cosh <j> + cos <f>)

(8)

where Aa
= 2SL is the area of the stripe, Co is the total capacitance of

the diode at low frequency, and the rest of the parameters are as

defined previously.

Figure 2a shows a plot of eq. (8), with a sheet resistance chosen at

a value of 6.5 x 10
3 ohms. The stripe width is 5 jum, the diode width is

250 /im, and the length is 380 /im. The stripe width is obtained by

etching the mirror, as in Fig. 1. The only adjustable parameter in the

curve of Fig. 2a is the sheet resistance. A similar theoretical curve is

plotted in Fig. 2b for diode B22. Here, the stripe width is 10 /mi, and

the sheet resistance is 1.6 X 10
4 ohms. It is seen that the capacitance

in Fig. 2b starts to decrease at a lower frequency because of the higher
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sheet resistance. The high sheet resistance in diode B22 is due to the

smaller distance of separation between the damaged region and the

active layer.

3.2 Asymmetric stripe with metallization capacitance

Two deviations from the earlier symmetric model are observed in

some devices. First, the stripe can be eccentric. Second, the proton-

damaged layer can be as thin as 0.5 micrometers. These two factors

cause the high-frequency behavior to deviate from the ideal model.

This has been noted in independent measurements by C. W. Thompson

et al.
17

The metallization can contribute a significant additional capacitance

if the metallization is separated from the conducting semiconductor

by a thin insulating layer. Such a condition can exist in oxide stripe

geometry lasers as well as in some proton-bombarded lasers. However,

this capacitance has unique characteristics, since it is not operative at

low frequencies, where the electrodes are virtually connected. But at

high frequencies, charge storage between the metal and the semicon-

ductor can take place. A schematic of the various layers is shown in

Fig. 6a. The proton-damaged layer thickness is dp. This semi-insulating

layer can, at high frequencies, contribute a metallization capacitance

Cm given approximately for GaAs by

Cm » 10/dp pF, (9)

METALLIZATION^

i

-ACTIVE

/V-TERNARY

- U

r
X • I

'"I MM MAAAAA/ /VW\A/ AVWWi

(b)

Fig. 6—Schematic of stripe geometry with thin damaged layer, (a) Charge buildup,

(b) Equivalent transmission line circuit. The metallization capacitance results from

charge storage across the proton-bombarded region.
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where dp is measured in micrometers, and the chip is 250 X 380 /mi,

which is typical for our diodes. For oxide-defined stripe geometry

lasers, the metallization capacitance is associated with the oxide layer

itself.

The metallization capacitance is not effective at low frequencies.

This is obvious from Fig. 6a, where conduction through the stripe

region bypasses the charge across the damaged region. The equivalent

transmission line circuit is shown schematically in Fig. 6b.
18 The circuit

parameters are as defined previously, and solution of the transmission

line equations follows the usual procedures. The total current branches

into two components, J and 76, respectively. The two admittances are

given by

G =
ucc'S sinh <}> — sin </>

(c + c') <f>(cosh <J>
+ cos 4>)

Go = ucS
sinh

<f>
— sin

<f>

[_<J>(cosh </> + cos <f>) J

B'o =
ojcc't

(c + c')

1- sinh
<f>
+ sin

<f>

<f>(cosh </> + cos <f>) J

Bo = wc<?
(sinh <j> + sin <f>)

(/>(cosh
<f>
+ cos (f>)

(10a)

(10b)

(10c)

(10d)

where

<f>= <fV2wr(c + c'),

c' = Cm/W, (10e)

and W is the total width of the chip.

Since the two admittances are in parallel, the equivalent parallel

circuit capacitance is

C =
Co

Co + Cn

Co
sinh </> + sin

<f>

<J>(cosh 4> + cos <>)

+ C„ (11)

where C is the low-frequency junction capacitance, and Cm is the

metallization capacitance, as given in (9). It is clear from (11) that at

low frequency, the
<f>
function goes to one, and the capacitance becomes

equal to the low-frequency junction capacitance. On the other hand,

at high frequency, the
<J>

function goes to zero, and the capacitance

becomes equal to the metallization and the junction capacitances in

series.

When the stripe is located off-center, the capacitance can be calcu-

lated in a straightforward manner. The total chip capacitance becomes

Cr=C ^ +
1 - As/

A

Co + Cn

Co

(A + A)
(AFi + £F2 ) + C„ (12)
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where

_ sinh & + sin <fr

<£,(cosh <f>i + cos fa)
'

<}h = £V2wr(c + c'), (14)

4 + 6 + 2S = W, (15)

A and ^ are the lengths of the two distributed line sections, respec-

tively, 2S is the stripe width, Aa is the total area of the stripe, andA is

the area of the diode.

An example of a case of extreme asymmetry is shown in Fig. 3.

Measurement of eccentricity indicates that the stripe is displaced by
~70 /an from its center position. The measured thickness of the proton-

damaged region is 0.9 /im, which results in a metallization capacitance

of 11 pF. When the expression for the asymmetric case, as given in

(12), is applied to the results of Fig. 3, the agreement between theory

and experiment is adequate for a sheet resistance of 6 X 10
3
12. On the

other hand, the symmetric model, shown as a dashed curve in Fig. 3,

cannot fit the data over the extended frequency range. In addition, the

symmetric model overestimates the sheet resistance.

3.3 Material resistivity

Having obtained a value of sheet resistance and layer thickness, c?a,

the material resistivity can be derived. However, care should be

exercised in accounting for proton damage spread into the conductive

layer.

If y = is the point at the edge of the damaged region where the

local carrier concentration is (mathematically) zero, then fory > 0, the

carrier concentration does not recover abruptly as a step function.

Instead, the carrier concentration actually recovers as an error function

of distance.
19 For our purposes, this recovery can be represented

approximately by the relation

p(y)=po(l-e-^% (16)

where po is the background-free hole concentration, and yo determines

the rate at which carrier removal decreases with distance.

For current flow parallel to the junction plane, the average resistivity

p over a thickness cIa is

p = po/| 1 -£ 1
1 - exp(- dU/»)lj, (17)

where p is the resistivity of the undamaged material. From published

data of proton-bombarded GaAs, it would seem that the value of yo is

0.13 + .03 urn.
19-21
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The above equations can now be applied to the results of Fig. 2. For

diode A14 we obtain p = 0.39 fi-cm; and p = 0.3 fl-cm. For diode B22,

we obtain p = 0.34 Q-cm, and po = 0.17 fi-cm. Several diodes from these

slices were measured. The results were averaged and given in Table I.

The average resistivity in the cladding, adjacent to the active region,

in sliceA is 0.28 + 0.09 Q-cm. Direct measurement of resistivity in this

material by J. L. Zilko gives a value of 0.21 fi-cm.
22 Hence, to within

statistical diode-to-diode variation, the agreement is adequate. The
resistivity of the cladding in slice B, given in Table I, is 0.18 + 0.02 fl-

cm. These resistivities can also be used to estimate the free-hole

concentration. For the typical 40-percent aluminum in the ternary, the

hole mobility should be about 100 cm2
/ Vs.

23,24 The deduced-hole

concentrations for slices A and B are listed in Table I. To check these

deduced values with direct-hole concentration measurements, a third

slice C was evaluated. The hole concentration, in slice C in the

cladding, as deduced from the capacitance-frequency measurement,

was (2.1 T 0.6) X 10
17 cm-3

. On the other hand, hole-concentration

measurements on this slice, by the automatic feedback method,21 gave

values of (1.9 + 0.4) X 10
17 cm-3

.

25 Hence, again the capacitance-

frequency method gave values consistent with those obtained by other

methods.

Stripe geometry lasers with deep-proton bombardment were also

evaluated. In these devices the proton damage extends beyond the

active region. Here, as opposed to the results for shallow bombardment,

the capacitance remains small and nearly invariant with frequency.

This again lends support to the model of RF current confinement in

shallow-bombarded stripe geometry lasers.

IV. CONCLUSION

Experiments conducted on shallow proton-bombarded stripe geom-

etry lasers show that the capacitance decreases abruptly above a

certain frequency. These results are interpreted in terms of a distrib-

uted parameter transmission line model. It is shown that the frequency

beyond which the capacitance decreases depends on: the sheet resist-

ance of the material above the active region, capacitance per unit area,

Table 1—Material evaluation obtained from capacitance frequency

measurements

Slice Average

Slice r. ohms p ohms-cm da Mm Po ohm-cm poem 3

A

B

(6T2)X 10
3

(1.5 T 0.1) X 10*

0.37 T 0.12

0.36 T 0.03

0.6

0.22 T 0.02

0.28 T 0.09

0.18 =F 0.02

(2.5 T 0.9) X 10
17

(3.4 =F 0.4) X 10
17
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and the dimension of the diode. These analytical expressions, when
applied to experimental results, allow one to obtain an estimate of the

material resistivity adjoining the active region. The deduced values of

resistivity and doping concentration are in good agreement with the

values obtained by other methods.

Although the analytical results are applied to laser structures, they

are also applicable to other optoelectronic devices. For instance, the

same general conclusions can also be drawn about the small signal

impedance of LEDs operating at high frequency. For configurations

other than the simple stripe geometry, the spatial distribution of RF
current obviously changes. However, the qualitative results are the

same.
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